The magnetic properties of Fe x Mn 1Ϫx /Ir(001) superlattices ͑SL's͒ have been studied using linearly polarized soft x-ray resonant magnetic reflectivity ͑XRMS͒ at the Fe L 2,3 absorption edges. Previous superconducting quantum interference device magnetometry measurements have shown that the SL's exhibit a ferromagnetic behavior for xϾ0.75 and a nonmagnetic or antiferromagnetic one for xϽ0.75. XRMS measurements were performed on two SL's with compositions on each side of xϭ0.75, as well as on a thin layer of Fe-rich alloy (xϭ0.9). The Fe magnetic moments in these alloys were determined by comparing experimental and calculated energy-dependent asymmetry ratios at different angles in the reflectivity curves. Fe atoms are found in a high-spin ferromagnetic state for xϭ0.9, while they are in a low-spin ferromagnetic state for xϭ0.7. Our results emphasize the role of the tetragonalization parameter c/a on the occurrence of the different magnetic states. Measurements, at the Mn L 2,3 edges in a bct Fe 0.9 Mn 0.1 ultrathin layer reveal a net magnetic moment per Mn atom of about 1.7 B coupled antiparallel to the Fe one. ͓S0163-1829͑99͒03933-8͔
I. INTRODUCTION
The magnetic properties of thin films and artificial structures such as superlattices are nowadays widely investigated.
1,2 Among the different possibilities offered by these artificial systems, the stablilization of new phases induced by epitaxial strain is particularly interesting because they can exhibit physical properties different from those of bulk materials.
Elemental iron and manganese exist in various forms and their fcc phase has drawn much attention because magnetovolume effects have been predicted for both compounds. 3 However, Fe and Mn fcc phases have a limited stability range ͑1184-1665 K for fcc-Fe and 1373-1411 K for fccMn͒. Stablilization at room temperature of unusual phases can be achieved by alloying. This is the case for Fe x Mn 1Ϫx alloys whose fcc phase is stabilized over a large concentration range, 0.3ϽxϽ0.7, and is found in an antiferromagnetic ͑AF͒ state. 4 Besides, FeMn alloys are well known as standard AF materials and are frequently used in spin-valve elaboration. 2 The fcc FeMn structure can still be stabilized by adding small amounts of Cu for xϽ0.3 and C for x Ͼ0.7. Such FeMn͑Cu͒ and FeMn͑C͒ ternary systems are also AF ordered. 4 In the Fe-rich side, binary FeMn alloys exhibit two martensitic phase transitions at room temperature. At xϭ0.7, the alloy undergoes a fcc to hcp transformation and a hcp to bcc one above xϭ0. 9 . The alloy remains in an AF magnetic state up to xϭ0.9 and becomes ferromagnetic ͑FM͒ at larger x values. Under a temperature increase, the fcc phase becomes stable through a hcp to fcc martensitic transformation for Fe concentrations between 0.7 and 0.9, and through a bcc to fcc transformation beyond xϭ0.9. 5 Alternatively, new phases may be stabilized at room temperature by pseudomorphic growth of thin films on an appropriate substrate. 6 In this work, Fe x Mn 1Ϫx alloy thin films and superlattices ͑SL's͒ have been synthesized on Ir͑001͒. The existence of the fcc and bcc phases for bulk binary alloys in the Fe-rich side of the phase diagram, with lattice parameters surrounding the in-plane parameter of Ir͑001͒, has been a motivation to prepare both phases by epitaxy using the induced anisotropic strain. In an extensive structural study, we show that FeMn thin films are strongly tetragonalized with c/a ratios between 1 ͑bcc structure͒ and ͱ2 ͑fcc structure͒. 7 This offers the opportunity for studying magnetic properties along the so-called Bain path. 8 Moreover, the motivation to prepare epitaxial phases is also to obtain FM states for atoms with expanded volume and to test the theoretical predictions of enhanced magnetic moments. Among 3d-transition metals, Mn is probably the most exciting element, since the atomic Hund's rule leads to a magnetic moment of 5 B . However, in the case of fcc Mn, a large atomic volume is not a sufficient condition to obtain a high-spin FM state. 3 This leads to the necessity of growing Mn in a phase with structure as close as possible to the bcc one. Several attempts have recently been made especially by deposition of a few monolayers ͑ML͒ on top of FM substrates [9] [10] [11] [12] [13] [14] [15] [16] or non-FM ones. [15] [16] [17] [18] [19] In the case of growth on a 3d FM element, Mn exhibits a structural transition at an early stage of growth ͑above 2 ML͒ and later on quickly recovers its Mn-␣ bulk phase. For coverage below 1 ML, a net magnetic moment is usually observed with magnitude ranging from 1.6 to 4.5 B . The Mn-substrate magnetic coupling is FM for Co ͑Ref. 14͒ and Ni ͑Refs. 15,16͒ while it has been observed to be AF ͑Refs.11,12͒ or FM ͑Ref. 13͒ for Fe. For coverage above 1 or 2 ML, no ferromagnetic ordering has been evidenced and different magnetic arrangements have been proposed: either Mn forms FM sheets and the sheets align antiferromagnetically 9 or a reconstruction takes place leading to an AF ͑Ref. 20͒ or a ferrimagnetic 21 structure. The growth of Mn, deposited on Ir͑111͒, 17 is epitaxial up to 4 ML where a structural transition is observed. Whatever the thicknesses which have been considered, no net magnetic moment has been evidenced. In the case of growth on Ir͑001͒, 18 Mn has been observed to be constrained in a bct phase over large thicknesses, but with a weak magnetic moment. In this work, we will address the magnetic properties of Mn and Fe in FeMn alloys strained in a bct phase on an Ir͑001͒ buffer.
Superconducting quantum interference device magnetometry measurements of the magnetic properties of Fe x Mn 1Ϫx thin films 22 show a zero net magnetic moment in the temperature range 10 KϽTϽ400 K for xϽ0.75. In contrast, a FM character has been evidenced for films with xϾ0.75. However, magnetization measurements do not give access to the specific magnetic properties of each species and to their coupling. Therefore, an atom-selective probe is required to investigate the magnetic states of Fe and Mn above and below xϭ0.75.
X-ray magnetic circular dichroism ͑XMCD͒ is the most commonly used tool to selectively investigate elementspecific magnetic properties. However, there have also been significant advances in the area of x-ray resonant magnetic scattering ͑XRMS͒ using linearly [23] [24] [25] [26] [27] [28] or circularly [28] [29] [30] [31] [32] [33] [34] [35] polarized light to study 3d magnetic multilayers, thin films, and surfaces.
In this paper, we present a soft x-ray resonant magnetic reflectivity study performed at the L 2,3 edges of Fe and Mn on two Fe x Mn 1Ϫx /Ir(001) SL's with Fe concentrations, x ϭ0.7 and 0.9, corresponding to the two different magnetic states found for FeMn alloys. Measurements on a Fe 0.9 Mn 0.1 thin-film layer grown on an Ir͑001͒ buffer have also been performed at both L edges. The measurements were carried out in a transverse geometry, by analogy with magneto-optic Kerr effect measurements with the goal to determine the magnetic moments carried per Fe and Mn atoms in these alloys, separately, and their relative orientations.
II. EXPERIMENTAL DETAILS
The experiments were performed using linearly polarized light at the U4B beamline at the National Synchrotron Light Source at Brookhaven National Laboratory. 36 The radiation emitted from a bending magnet source in the orbital plane of the storing ring, was used in order to get a high rate of linearly polarized light (Ϸ97%). The monochromator is a grating with 1200 lines per mm which allows to reach the Fe and Mn L 2,3 edges with high-energy resolution ͑of the order of 90 meV at the Fe edges͒. The intensity of the incident beam was monitored by the photocurrent from a gold mesh.
Reflectivity curves were recorded in specular condition as a function of the energy of incoming photons for a set of angles. A vacuum compatible Ϫ2 goniometer with two vertical axes was used in a transverse Ϫ scattering geometry. 37 An external field up to 1400 G was delivered perpendicularly to the scattering plane by a Bitter electromagnet. This magnetic field is large enough to saturate the sample as it has been checked by measuring by XRMS selective hysteresis loops. The detectors were either a proportional gas counter for the experiments performed on the superlattices, or a photodiode for those on the thin film. In both cases, the horizontal aperture was set to 1°. The experiments were performed at room temperature.
III. SAMPLE PREPARATION AND STRUCTURE
The samples are grown by molecular-beam epitaxy, in a UHV chamber, at a residual vacuum of 2.10 Ϫ11 torr. MgO͑001͒ single crystals are used as substrates and a 400-Å-thick Ir͑001͒ buffer layer is first deposited on the substrate. Details on the MgO preparation and buffer elaboration are discussed in Ref. 6 . Ir evaporation is obtained using electron bombardment, whereas Fe and Mn are evaporated by using Knudsen cells. The Fe x Mn 1Ϫx alloys are prepared by coevaporation of the two pure metals, while monitoring their partial pressures to achieve the desired stoichiometry. In this study, we focus on two samples which have been prepared for the same nominal parameters except for the alloy stoichiometry chosen on both sides of the transition occuring at x ϭ0.75. Their structure has been investigated by anomalous x-ray diffraction, 38 grazing incidence x-ray diffraction in the symmetric mode, as well as by measurements of maps of the scattering intensity around the ͑111͒ Ir buffer peak in the asymmetric scattering condition under fixed grazing incidence. The combination of these methods allowed us to fully characterize the different superlattices. A complete report is published in a separate paper. 7 We briefly recall here the main structural characteristics of the investigated samples.
The first SL, ͓Fe 0.7 Mn 0.3 (25.25 Å)/Ir(21.85 Å)͔ϫ20 will be labeled SL70, while the second one ͓Fe 0.9 Mn 0.1 (24.8 Å )/Ir(20 Å)͔ϫ20 will be labeled SL90. SL70 exhibits a single phase with a highly coherent stacking along the growth direction. The stress induced by the Ir buffer layer propagates up to the surface. As a consequence, the Fe 0.7 Mn 0.3 alloy exhibits a homogeneously strained bodycentered-tetragonal phase ͑bct͒. The bct elementary cell is characterized by a c/a ratio of 1.22Ϯ0.01 and an atomic volume of 12Ϯ0.1 Å 3 . Elastic calculations show that the bct phase results from a deformation of the fcc bulk FeMn structure. In contrast, two different and coherent SL phases were actually identified within the SL90 sample. The first one, located near the buffer layer, is, as for SL70, a bufferstrained phase. The bct Fe 0.9 Mn 0.1 alloy structure has a c/a ratio of 1.17Ϯ0.01 and an atomic volume of 11.9Ϯ0.1 Å 3 . The elastic calculations indicate, as previously, that this first phase in SL90 arises from the deformation of the bulk fcc Fe 0.9 Mn 0.1 structure. The second phase is located near the surface of the sample. The stress induced by the Ir buffer has relaxed. This phase may be seen as a set of Fe 0.9 Mn 0.1 /Ir bilayers in mutual strain. The structure of the alloy is also a bct one with a c/a ratio of 1.09Ϯ0.01 and an atomic volume of 11.7Ϯ0.1 Å 3 . It results from the deformation of the bcc Fe 0.9 Mn 0.1 alloy. These two phases in SL90 occur with respective proportions of the order of 37% for the strained fcc phase ͑SR1͒ and 63% for the strained bcc one ͑SR2͒.
Obviously, the existence of two different structural phases with different alloy structures in SL90 has to be taken into account when analyzing the XRMS data which average signals from both phases. In order to overcome this problem, it is necessary to separate the experimental XRMS signal into its two components originated from each structural phase. With this aim, we have grown a 30-Å Fe 0.9 Mn 0.1 thin film ͑TF90͒ covered by a 30-Å-thick Ir capper layer, on a Ir͑001͒ buffer, the structure of which is expected to be similar to that of the first bilayer of SL90. The structural analysis performed on this thin film confirmed that the alloy is in a single buffer-strained bct phase, with a c/a ratio of 1.19Ϯ0.01 and an atomic volume of 11.9Ϯ0.1 Å 3 , equivalent to SR1 phase. Therefore, the XRMS results on this Fe 0.9 Mn 0.1 thin film will be assumed to correspond to the magnetic properties of the SR1 phase.
IV. XRMS ANALYSIS
XRMS has its origin in a magnetic-sensitive contribution to the resonant atomic scattering factor appearing at characteristic atomic absorption-edge energies. 39 This sensitivity arises from the spin-orbit splitting of the core-level and the exchange splitting of the empty states involved in the transition. At the L 2,3 absorption edges of 3d transition metals, the resonant magnetic scattering can be derived within a dipolar approximation (2p˜3d transitions͒ and the resonant atomic scattering factor is
where ê f and ê i are the polarization vectors of the out and in-going x-ray beams, f 0 is the Thomson charge scattering amplitude, f Ј and f Љ are the resonant terms related to the regular nonmagnetic anomalous scattering. The dependence on magnetism comes from the second term where ẑ stands for the unit vector along the magnetization direction. The imaginary part of its resonant complex amplitude mЉ is equivalent to the XMCD signal, 30 mЈ being the real part. The magnetic properties of the FeMn layers can be studied by measuring the scattered intensities I ϩ and I Ϫ for two opposite directions of a saturating magnetic field applied within the planes of the layers and by recording the asymmetry ratio Rϭ(I ϩ ϪI Ϫ )/(I ϩ ϩI Ϫ ) as a function of either the incident photon energy E or the scattering angle .
27,29
In the transverse mode, the asymmetry ratio may be described using the kinematical approach as 40 
Rϭ
2 tan͑2
where L is the linear polarization rate and
where q is the scattering vector and d is the interplanar distance along the growth axis. This expression shows the interplay between the real and imaginary parts of the charge ͑F͒ and magnetic ͑M͒ structure factors. It allows us to reproduce the energy dependence of the asymmetry ratio measured on top of a chemical modulation Bragg peak of a multilayer, which occurs at a fixed q value. 26 However, in order to simulate the energy dependence of the asymmetry ratios, either for a multilayer or for a thin film, which are measured at fixed and to extract the useful information on the magnetic properties of the sample, a magneto-optical approach is required. 26, 27, 29 The calculation of the reflected intensities is achieved in a Fresnel formalism in the transverse geometry which takes into account the layered structure of the samples in a matrix notation. In this approach, the whole optical response of the media is contained in the dielectric tensor which is a nondiagonal Hermitian matrix. The diagonal matrix elements are related to the charge scattering factor, the off-diagonal elements being related to the magnetization-sensitive terms. They are strongly coupled in the development of the calculation. The interfacial roughness, a major ingredient in the reflectivity analysis, is taken into account by an extension of the Vidal and Vincent approach. 41 A complete description of the formalism will be published elsewhere. 42 In the data analysis, the imaginary parts of the charge and magnetic resonant scattering factors are obtained from absorption and XMCD measurements from ''standard'' samples. Their real counterparts are derived from the Kramers-Kronig relationship. To our knowledge, no XMCD measurements have been reported on Fe x Mn 1Ϫx alloys, neither on bulk samples, since they are are AF ordered, nor on thin films. Therefore, for iron, we used XMCD data which have been collected on a bcc Fe thin film, where the application of the sum rules yields M Fe 3d ϭ2.1 B , 43 a value nearly identical to that of bulk Fe. For manganese, the choice of a ''standard'' sample showing magnetic ordering is not straightforward. Bulk manganese is AF ordered and hence no XMCD is observable. A few studies have been dedicated to Mn overlayers on magnetic 3d substrates where a XMCD signal has been observed. [11] [12] [13] [14] [15] [16] If the oxydation of the Mn thin film is avoided, the shape of the L 2,3 absorption spectra is comparable to that of metallic Mn. 44 However, it is known that the branching ratio defined as I(L 3 )/͓I(L 3 )ϩI(L 2 )͔ decreases with the magnetic moment of Mn. 17 In most cases where XMCD has been observed at the Mn L 2,3 edges, for Mn on Co͑001͒, 14 Mn on Ni, 15 and Mn on Fe, 12,13 the line shapes and the branching ratios looked very much the same. Consequently, in this study, we used absorption and XMCD data from measurements carried out in a nearly oxygen-free environment on a Mn monolayer deposited on Fe͑001͒. 44 In that case, Mn is found to grow in a bct structure (c/a ϭ1.06) and shows a net magnetic moment ferromagnetically coupled with the Fe one. Its amplitude has been estimated to be M Mn 3d ϭ3 B from the comparison between the experimental amplitude and the calculated one for an isolated Mn 2ϩ ion. 13, 44 The use of these resonant parameters in the XRMS calculations implies a priori two assumptions: ͑i͒ the shape of the energy dependence of f Љ and mЉ at the L 2,3 edges of Fe and Mn is assumed not to be significantly affected by a change in the crystal structure, and ͑ii͒, the amplitude of the XMCD signal is proportional to the atomic magnetic moment. From the later, the factor scaling the mЈ and mЉ values used in the simulation of the asymmetry ratios can be used to derive the value of the magnetic moment from its value in the reference sample. This procedure, which has also been employed in a XMCD study of Fe/Cr multilayers, 45 allows us to determine the values M Fe 3d and M Mn 3d of the magnetic moment in our samples from the references. The accuracy of the determination relies on the accuracy of the XMCD data analysis.
V. EXPERIMENTAL RESULTS

A. XRMS at the Fe L 2,3 edges
Figure 1 shows the energy-dependent reflectivity curves ͑top panels͒ measured for two opposite directions of the applied magnetic field at the Fe L 2,3 edges at an incident angle ϭ15°for SL70 ͓Fig. 1͑a͔͒ and SL90 ͓Fig. 1͑c͔͒. The corresponding XRMS asymmetry ratios R are exhibited in the bottom panels of Fig. 1 . The strong resonances, observed in the reflectivity curves around 708 and 720 eV correspond to the L 3 and L 2 edges, respectively. The whole energy dependence is quite different for both samples especially at the L 3 edge. This arises from small differences in structural parameters for both SL, demonstrating the structural sensitivity of resonant soft x-ray reflectivity measurements. The energy splitting and the amplitude difference between I ϩ and I Ϫ are much more pronounced in SL90, which indicates that Fe atoms in this sample carry a stronger magnetic moment. Surprisingly, although the energy dependences of the reflectivity are rather different, those of the two R's are quite similar. However, their amplitude shows a large difference in line with the amplitude of the changes induced by the flipping of the applied magnetic field in the reflectivity. While SL90 gives rise to a strong R maximum value of about 40% at E ϭ707.5 eV, the maximum value for SL70 only reaches 3%, at the same energy. In order to understand these results in terms of magnetic moment variation, it is required to simulate both asymmetry ratios since, at variance with XMCD, the amplitude of R is not simply linked to the magnetic moment amplitude.
The simulation of R as a function of the photon energy for both superlattices has been performed considering a homogeneous alloy and assuming that all the Fe atoms carry the same magnetic moment. Even though soft x rays are used in the vicinity of the Fe L 2,3 edges where absorption is strong, the whole thickness of the SL's, which is about 900 Å, is probed as ascertained by the observation of Kiessig fringes on each side of the chemical modulation Bragg peak, in a /2 scan. However, these fringes disappear in a small energy range, from 706 to 709 eV around the energy of the maximum of the white line ͑707.3 eV͒. This implies that, for this 3 eV window, the near-buffer phase of SL90 is not entirely probed by the x rays and that part of the Fe magnetic moments in this phase do not participate in the asymmetry ratio. Our calculation, using the optical approach, fully takes into account the absorption correction through the dielectric tensor. Therefore, within that tiny energy window, the value of the average magnetic moment may change since the magnetic moment of Fe atoms in SR1 and SR2 are not weighted in the same way, which could imply some discrepancies between experiment and calculation.
The structural parameters required in the optical approach are the thicknesses and the densities of the layers, as well as the roughnesses () at the different kinds of interfaces. The first two parameters derive from the structural investigation ͑refer to Sec. III and to Ref. 7͒. The roughnesses have been determined from the analysis of the specular x-ray reflectivity. In the case of the SL's, their values were determined by Fischer 22 using a calculation which allows one to introduce a gradient of interfacial roughnesses from the bottom to the top of the SL. For the TF90 sandwich, the structural parameters are determined from the refinement of the reflectivity curves measured at 11 keV ͑Fig. 2͒ using the SPUR package. 46 The structural parameters are given in Table I and were kept fixed in the calculations of the different asymmetry ratio. The only free parameter is a scaling factor affecting the magnitude of the ''standard'' XMCD used in the calculation of the atomic magnetic scattering factor, in order to adjust the value of the magnetic moment. Figure 3 compares the experimental and calculated R curves at ϭ15°for SL70. The calculated ones were obtained by using two different values for the Fe magnetic moment. The left panel displays the curve obtained using the ''standard'' M Fe 3d ϭ2.1 B /atom value for bcc Fe, whereas in the right panel the Fe magnetic moment has been reduced by a scaling factor of 0.13, leading to a value M Fe(SL70) 3d ϭ0.27 B which enables us to fit the experimental curve.
This strongly reduced magnetic moment of Fe atoms in SL70 does not only allow us to describe the experimental asymmetry ratio recorded at ϭ15°, but also those recorded at other angles, as for instance, at ϭ7°and 13°͑Fig. 4͒. The decrease of the signal-to-noise ratio with decreasing is related to the tan(2) angular dependence of R when measured with linearly polarized photons ͓Eq. ͑2͔͒. Because of the q dependence of R spectra through the magnetic and charge structure factor, the energy dependence of the R's changes with the value of the incident angle. In particular, the R spectrum measured at ϭ7°is different with respect to the others. A very good agreement between calculated and experimental data is found for the three scattering angles. These results allow us to determine that Fe atoms in SL70 carry a weak magnetic moment of 0.27Ϯ0.05 B /atom. Figure 5 displays experimental and calculated R curves obtained for the SL90 sample at ϭ10°͓Fig. 5͑a͔͒ and 15°͓ Fig. 5͑b͔͒ at the Fe L 2,3 absorption edges. The fitting of both R spectra has been obtained by using the XMCD data, without any scaling factor. Therefore, we deduce a 3d Fe magnetic moment of 2.1Ϯ0.05 B /atom for SL90. As is mentioned in Sec. III, SL90 exhibits two Fe 0.9 Mn 0.1 phases and the R spectra result from averaging their contribution over the whole sample. The 2.1 B /atom value, thus corresponds to a mean atomic magnetic moment averaged over the two phases. In order to separately evaluate the Fe magnetic moment in both phases, we performed another XRMS measurement on the single-phase Fe 0.9 Mn 0.1 thin film, TF90, described in Sec. III. This should give a selective measurement of the Fe magnetic moment for the near-buffer phase in the SL90 sample. Figure 6 shows the energy dependence of the reflectivity at ϭ26°for two opposite directions of the applied magnetic field ͑upper panel͒ and the asymmetry ratio ͑bottom panel͒ measured for TF90 at the Fe L 2,3 edges, as well as their simulation. The calculations have been carried out using the structural parameters given in Table I and a magnetic moment for the Fe atoms M Fe 3d ϭ2.1 B /atom. Here, we show that the energy dependence of the reflectivity may be quite nicely reproduced and again a good agreement is found between experimental and calculated R's. As the M Fe 3d value found in a single phase system is identical, within the accuracy of the fitting, to the average value over the two phases in SL90, we deduce that Fe atoms do carry the same magnetic moment M Fe 3d ϭ2.1Ϯ0.1 B /atom in both distinct phases.
In conclusion, XRMS experiments at the Fe L 2,3 edge, performed on Fe x Mn 1Ϫx /Ir SL's of tetragonal symmetry, yield a Fe magnetic atomic moment of 0.27Ϯ0.05 B in the single phase SL70 and of 2.1Ϯ0.05 B in both phases of SL90.
B. XRMS at the Mn L 2,3 edges
In this section, we present resonant magnetic reflectivity experiments performed at the Mn L 2,3 absorption edges. Two important questions dealing with the magnetism of Mn in strained FeMn thin-film alloys can be addressed: first, do the Mn atoms carry a net magnetic moment and second if so, how is it coupled to the Fe one? In order to answer these questions, we focused our study on the Fe 0.9 Mn 0.1 thin film where Mn atoms are diluted in a high-spin matrix. We have to mention that experiments performed on SL70 and SL90 did not evidence a magnetic asymmetry at the Mn L 2,3 edges. This has been ascribed to the level of noise in the signal which was too high at the time of the experiment, preventing the observation of an eventual low asymmetry ratio. At the maximum, R is about 0.011Ϯ0.001. We note that noise in the R curve is considerably reduced compared to noise in Fig. 4͑a͒ , while the R values are similar. This is due to changing the proportional gas counter for a photodiode. Figure 7͑b͒ exhibits the reflectivity and the R spectrum obtained on TF90 at the Fe L 2,3 edges at an incident angle ϭ20°.
It is important to stress that, even though the Fe ͓Fig. 7͑b͔͒ and Mn ͓Fig. 7͑a͔͒ asymmetry ratios, measured in the same conditions (ϭ20°), have the same spectral shape with the same sign, we cannot conclude on a ferromagnetic coupling of both species. At variance with XMCD, where the nature of the coupling would be directly determined from the relative sign of the signals, 11-13 the dichroic effect exhibited in the reflectivity are not only due to the imaginary part of the magnetic dielectric constant but also to its real part as shown in Eq. ͑2͒. The mixing of the two components is weighted by the real and imaginary parts of the structure factor which are q dependent. Therefore, even for a given element, the sign of the R curve may change with q or , as shown in Fig. 4 . Moreover, it is worth noting that the energy dependences of the reflectivity shows an opposite behavior at the Fe and Mn edges ͓Figs. 7͑a͒ and 7͑b͔͒. At the energies of the L 3 and L 2 resonances, the Mn reflectivity exhibits dips, whereas the Fe one shows peaks. Therefore, to conclude about the relative orientations of the moments of two magnetic species, the calculation of the magnetic asymmetry ratios is required. In the following, we discuss the effects of uncertainties in the determination of the roughness on the sign and amplitude of the Mn magnetic moment. The influence of the value of the interfacial roughness, which is known to be a crucial parameter, 26, 42 has been evaluated by calculating R spectra for different values of the roughness. It turns out that calculations performed assuming perfect interfaces (ϭ0) to compare to the values in Table I yield the same sign and an amplitude value 10% lower, within the error bars. However, if the roughness of the surface of the Ir capper is increased from 1.4 to 5 Å, while the roughnesses of the other interfaces are kept constant, a strong change is observed in the amplitude of R which leads to a value of the magnetic moment lower by 50%. A further increase of this surface roughness progressively changes the shape of the energy dependence of R as well as that of the reflectivity curve. In the same way, if the roughness of the FeMn-Ir capper interface is increased from 2.3 to 5 Å, the other roughness values being not changed, the small negative structure at 637 eV is enhanced leading to a derivative shape for the resonance at the L 3 edge and a positive peak replaces the derivative shape at the L 2 edge. An opposite trend occurs when only the Ir bufferFeMn interface roughness is increased. These trials clearly show that a careful determination of the interface roughness is required. This is also true for the determination of the thicknesses of the magnetic and capper layer especially when they are very close. With that aim, we performed a refinement of the angular reflectivity measured in the soft x-ray range at 703.5 eV. This corresponds to a determination of the structural parameters, independent of the refinement performed at 11 keV. The best fit is shown in the bottom panel of Fig. 2 . The values of the thicknesses, of the densities, and of the roughnesses fall within the error bars of the values determined from the fit of the hard x-ray reflectivity which are given in Table I . This gives strong support for the values of the parameters used in the calculation and make us confident in the validity of the determination of the Mn moment value from the fitting of the asymmetry ratios at the Mn L 2,3 edges. Our XRMS measurement allows us to conclude that Mn atoms, in a bct (c/aϭ1.18) Fe 0.9 Mn 0.1 thin film, bear a net magnetic moment of 1.7 B , on average, antiferromagnetically coupled with the Fe ones.
Two possible arrangements of the Mn subsystem could give rise to the observed signal at the Mn edge: a ferromagnetic one with every Mn atom carrying the same magnetic moment M Mn Ϸ1.7 B and oriented antiparallel to the ferromagnetically ordered Fe 2.1 B first-neighbor magnetic moments, or an uncompensated antiferromagnetic arrangement of the Mn subsystem itself. Actually, such a system has theoretically been predicted for 1 and 2 Mn monolayers on Fe͑001͒ with a bct structure. 21 In a homogeneous Fe 0.9 Mn 0.1 alloy, the second possibility is, however, quite unlikely to occur. The number of Mn-Fe first-neighbor pairs is about one order of magnitude larger than that of Mn-Mn ones, implying that the Mn-Mn magnetic interactions are very few and cannot lead to a magnetic arrangement comparable to that of a monolayer. We thus think that Mn-Fe magnetic interactions are responsible for the global arrangement of the Mn subsystem. Although the possibility of a nonhomogeneous Fe-Mn alloy, due to a superficial segregation of Mn atoms for instance, cannot be fully ruled out, its effect should be very small since such an effect leads to small deviations of the Mn concentration from the mean value averaged through the layer. 47 This is also supported by the observation that the species selective reflectivity measurements can be quantitatively simulated using a homogeneous model. We, therefore, conclude that each Mn atom in the Fe 0.9 Mn 0.1 alloy carries a magnetic moment of the order of Ϸ1.7 B .
VI. DISCUSSION
XRMS experiments performed at the Fe findings are summarized in Fig. 9 , where the amplitudes of the Fe magnetic moments in each phase are plotted as a function of the c/a ratio of the cristallographic parameters describing the alloy structure. The values of the atomic volume of the elementary cell, as well as the phase which the FeMn layers would have if they were unconstrained, are also indicated in Fig. 9 . The main result is that Fe atoms in Fe 0.9 Mn 0.1 samples are in a high-spin ͑HS͒ FM state, whereas in the Fe 0.7 Mn 0.3 sample they are in a low-spin ͑LS͒ FM state.
The growth of Fe 0.9 Mn 0.1 alloys in the SL90 superlattice has given rise to the formation of two phases which, respectively, originate from the deformation of the fcc and bcc structures existing in bulk Fe x Mn 1Ϫx for xϭ0.9. 4, 5 This is interesting since it allows us to study the influence of the structure on the magnetic properties for the same Fe and Mn concentrations in the alloy. As the bulk bcc Fe 0.9 Mn 0.1 alloy is FM ordered and the fcc one is AF, different magnetic states would be expected for the two phases of sample SL90. However, surprisingly, we found that both phases have the same HS FM behavior. In fact, these results can be understood by regarding the magnetic properties of the Fe atoms as a function of the c/a ratio of the elementary cell. This ratio enables us to describe the tetragonalization level of the bct structure which varies from c/aϭ1 for a bcc structure to c/aϭͱ2 for a fcc one. We have shown that Fe atoms carry a HS moment in the two phases of SL90 and in the Fe 0.9 Mn 0.1 thin film ͑of Ϸ2.1 B per atom as bulk bcc Fe͒ until at least c/aϽ1.2. This observation is consistent with the results of theoretical studies performed by Krasko and Olson on bct Fe. 48 Within a Stoner-model approach, they have found that going along the Bain path from bcc to fcc, the Fe FM phase is first stable, up to c/aϭ1.2. Beyond that a transition occurs and the NM phase is stable at higher c/a values. However, one should point out that the authors did not consider the magnetic AF state which is that of the bulk fcc FeMn systems. 4, 5 In the case of SL70, Fe atoms are found in a FM state and carry a low magnetic moment about Ϸ0.27 B per atom. This LS FM state is a magnetic phase since bulk Fe 0.7 Mn 0.3 alloys are AF ordered. Its existence might be correlated to the strong tetragonal distortion, c/aϭ1.22, which deviates this artificial FeMn phase far from the stable AF fcc bulk phase.
It is worth observing that in Fe/Ir͑001͒ superlattices, corresponding to xϭ1, a magnetic transition has also been observed ͑at 4 K͒ from a NM ͑or AF͒ state to a HS one when going through the Bain's path from the fcc structure to the bcc one, with an intermediate LS state which occurs at a very similar c/a value of 1.24-1. 25. 6 This shows that the Mn concentration does not play a direct part in the change of the magnetic properties. However, it does play a part in the increase of the tetragonalization induced by the Ir substrate, since the c/a parameter varies from 1.17 in SR1 to 1.22 in SL70 and 1.3 a Mn/Ir multilayer. 22 It probably does also play a part in the amplitude of the reduction of the magnetic moment. 49 All these results on FeMn alloys with xу0.7 strongly support the existence of a transition in Fe between the ferromagnetic HS state of the bcc structure to a NM ͑or AF͒ state at around c/aϭ1.2, consistently with Krasko and Olson's predictions.
Let us mention that, in all the samples of the present study, the atomic volume is less than 12 Å 3 , and lower than the volume for which the transition between a NM to a FM behavior is predicted for fcc Fe (Vϭ12.34 Å 3 ). 3 In this study, we show that, in a strain bct Fe 0.9 Mn 0.1 alloy thin film whose hypothetical unconstrained phase is fcc, a HS FM state may exist with a small atomic volume (11.9 Å 3 ) through the tetragonalization of the fcc structure.
We next turn to the discussion of the magnetic properties of Mn. In the bct Fe 0.9 Mn 0.1 thin film (c/aϭ1.18), the Mn magnetic moment is found to be antiferromagnetically aligned with the Fe one and its amplitude is about 1.7 B /atom. This AF coupling is opposite to most of the available experimental results, derived from neutron scattering, on Mn diluted in Fe. A parallel coupling has been obtained, with different values of the Mn moment, ranging from 0.77 B ͑Ref. 50͒ to 1 B . 51 Nevertheless, an antiparallel (Ϫ0.82 B ) orientation of a Mn moment has also been found, 52 as well as a null Mn moment. 53 We stress that our measurements are species selective. In that sense, it is a more direct probe of the Mn magnetism than neutron-scattering measurements are. Even though the uncertainty on the determination of the magnetic moment amplitude is closely related to the uncertainty in the value of the Mn moment derived from XMCD analysis, 44 and so could be large, the antiparallel orientation of the Mn moment relative to the Fe one is unquestionable. Nevertheless, we cannot exclude that the magnetic Mn state can be very sensitive to the sample preparation, leading to the different observed behaviors.
Actually, Mn is a very critical case as reported in several calculations concerning the electronic structure and magnetic properties of 3d impurities in ferromagnetic iron. [54] [55] [56] Our result is in good agreement with the calculations of Akai et al. 54 who found a Mn magnetic moment of Ϫ1.7 B /atom and with a more recent result of Paduani et al. who found for an isolated Mn atom in a Fe matrix a magnetic moment of Ϫ1.1 B /atom. 49 However, it strongly disagrees with the calculations of Drittler et al. 56 which give a Fe-Mn ferromagnetic coupling with a Mn magnetic moment of about 0.7 B . The explanation for these contradictory theoretical results can be found in the dependence of the magnetic moment M of a 3d impurity in iron on the atomic number Z. The calculated variation of M exhibits a sharp transition from negative ͑AF coupling͒ to positive ͑FM coupling͒ values around Zϭ25 ͑Mn atomic number͒ with increasing Z values. 54, 56 Depending on approximations in the calculation, such as the exchange-correlation potential or the angular momentum cutoff, this transition may be found to occur at values larger or smaller than Zϭ25. 56 Both coupling situations can even be found to be stable for Mn in bcc or in fcc Fe, as has been shown by Anisimov. 55 In any case, we know that the structure of Fe 0.9 Mn 0.1 is strongly tetragonalized (c/aϭ1.18), which induces a symmetry reduction and, therefore, a change in the hybridization between the 3d states of the impurity and those of the matrix element. Our result thus indicates that the c/a value is a pertinent parameter which should be taken into account in the theoretical calculations and influences the Z value of the transition.
VII. CONCLUSION
Thin films of Fe x Mn 1Ϫx alloys, in the range xу0.7, with a centered tetragonal structure, have been investigated by linearly polarized soft x-ray resonant magnetic reflectivity. Taking advantage of the atomic selectivity of the method, we have been able to measure the Fe magnetic moments in the different phases found. We showed that the drastic reduction of the Fe magnetic moment between xϭ0.9 and xϭ0.7 mainly depends on the value of the c/a ratio, a and c being the structural parameters in the bct structure. The change of behavior between HS to LS occurs around a c/a value of 1.2, close to the one theoretically predicted for bct Fe ͑Ref. 48͒ and experimentally found in Fe/Ir͑001͒ superlattices. 6 These experimental results allow us to discuss magnetic properties of Fe alloyed with Mn, when going through the Bain's deformation path, at least for xу0.7. Moreover, our XRMS measurement allows us to conclude that Mn atoms, in a bct (c/aϭ1.18) Fe 0.9 Mn 0.1 thin film, bear a net magnetic moment of 1.7 B , antiferromagnetically coupled with the Fe ones. We are presently investigating the Mn magnetic moment when going through the Bain's deformation path for xу0.7.
On another hand, this work also illustrates that soft x-ray resonant magnetic reflectivity in the transverse mode is a powerful element-specific magnetometry method when combined with a proper computational formalism allowing its quantitative simulation. We have shown that it is possible to analyze small changes in the energy-dependent reflectivity and to extract weak values of the magnetic moments ͑here 0.3 B ) in a thin buried layer. It is of special interest for films containing several magnetic elements because of its species selectivity. Finally, the data are recorded in a very simple specular scattering geometry. Therefore, this technique appears to be promising for future investigations of very thin films, either amorphous or crystalline.
